Nondestructive assay of holdup in solution tanks at Rocky Flats has been performed to address criticality safety concerns since 1974. Destructive analysis techniques were used for quantification of the fissile material content of the tanks. With termination of operations in 1989, including sparging and sampling of tanks, a need arose for nondestructive assay of solutions in tanks to confirm previous inventory values. Gamma ray measurement methodologies were investigated and several techniques, including Poor Man ' s Densitometry were implemented. These techniques have been applied to several different types of tanks including: annular, raschig ring filled, and pencil tanks. For the annular tanks T o o r Man's Densitometry" is used, with the densities of the measured solutions normalized to the value of one ''accepted'' concentration tank. Measurement uncertainties for this technique has been better than was anticipated. Measurements are also performed at several levels to attempt to detect variations in density. For the current tank draining program, solution in tanks is assayed by the NDA gamma-ray technique before draining. Measurement results were obtained for plutonium, uranium, and mixtures of U/Pu solutions for concentrations ranging from less than 0.5 g/1 to 150 g/l. Tanks with expected concentrations were used to establish a relationship between concentration and count rate. "Bootstrapping" calibration techniques were used in some cases to obtain quantitative results.
INTRODUCTION
Nondestructive assay (NDA) measurements for holdup of fissile materials in solution tanks at Rocky Flats have been performed since 1974 to address criticality safety concerns. Destructive analysis techniques, however, were used for quantification of the fissile material solution content of the tanks.
With termination of operations at Rocky Flats in 1989, tasks such as tank sparging and sampling were also halted. This led to a need for a non-intrusive method to quantify the solution content in tanks in order to confirm inventory values. Clearly NDA techniques were the "solution" to the measurement problem. Gamma-ray measurement methodologies were investigated and several approaches, including "Poor Man ' s Densitometry"', were implemented. These measurement approaches have been applied to several different types of tanks including: annular tanks, raschig-ring filled tanks, pencil tanks, and small volume cylindrical tanks.
All the quantitative concentration measurements were performed with a small volume (14 cm3) hyperpure germanium (HPGe) gamma-ray detector. The detector is shielded and collimated with a leadhngsten fixture having a circular aperture 3/4 inch in diameter by 1 inch deep. This detector is also used for holdup measurements and has been calibrated for point, line, and area sources. This information was useful at times when efficiency calibration data for the detector was needed. The spectral data were collected using portable multichannel analyzers and laptop computers.
For the current liquid stabilization program, nuclear safety reasons require that the solution in the tanks be assayed by NDA before draining and sampling. In addition, for nuclear safety and accountability purposes, gamma-ray measurements are performed at several solution heights in the particular tank to attempt to detect variations in density. Measurement results are required for plutonium, uranium, and mixtures of U/Pu solutions. Where possible, tanks with "expected" concentrations or previous DA sampling concentration values were used to establish a preliminary relationship between concentration and count rate. For some tanks, process knowledge or "guess-timates" were the only source of concentration Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. I < information prior to the NDA measurements. As tanks are drained and sampled this information is used to "bootstrap" tank calibrations to improve the quantitative results.
ANNULAR TANKS AND "POOR MAN'S DENSITOMETRY"
Subsequent to the 1989 termination of operations at Rocky Flats, the initial measurement need for solution concentration measurements was for four high concentration, plutonium nitrate (100 -200 g/l), annular tanks in Building 771. These tanks were used to support the oxalate precipitation process and represented the highest Pu concentration tanks at Rocky Flats. Previous DA sampling results were available for the Pu concentration values; however, new measurements were required for inventory purposes. Table I shows the dimensions of the four tanks. Gamma-ray spectra were collected in contact with the tank wall and at four different points on each of the annular tanks. These points are barcoded so that subsequent measurements can be made at the same locations on the tank. The energy range of the gamma-ray spectra was from about 40 keV to 500 keV. Initially, several measurement difficulties were readily apparent for the planned assay of the annular tanks. First, due to the curtailment of nuclear material activities at Rocky Flats in 1989, no calibration standards for the tanks were available nor could any be prepared. Secondly, the tanks are in "farms" of other tanks, such that high radiation backgrounds could be expected. Also, an external transmission source is typically used in gamma-ray density measurements to correct for matrix effects2. Technical difficulties of access and alignment precluded the use of a transmission source on these tanks. Finally, the four annular tanks do not have exactly the same diameters, heights, or annular thicknesses. The assay method chosen would have to be robust enough to be fairly insensitive to matrix, geometry, and background effects.
The NDA method finally selected for the density measurements of the annular tanks was the "Poor Man's Densitometry" (PMD) technique. This technique had been used previously for Pu solution in vials or bottles'. However, it had not been used for tanks. Several factors make the technique attractive for measurement of annular tanks: it does not require a transmission source, it is fairly insensitive to matrix effects, it is calculationally simple, andsince it relies on ratios of peaksit is not sensitive to many potential biasing effects. In fact, the method is not count time dependent.
The '"Poor Man's Densitometry"' technique utilizes the ratio of an x-ray (111 kev) and a gamma ray (129 kev) on opposite sides of the Pu K absorption edge (122 kev). This results in a significant difference in the mass absorption coefficients for the two lines.
The ratio of the intensities for the 111 and 129 spectral peaks is therefore very sensitive to the Pu density (grams Pu per liter of solution). The TRIFID/EPICS isotopic code3 was used to extract the spectral intensities for the two peaks. Since the 129 keV peak is a singlet peak, its area can be extracted relatively easily. However, more caution is needed for the 111 keV peak area extraction. This peak is part of a 13 peak multiplet of x-rays and gamma rays and therefore the TRIFID/EPICS code was required for the proper deconvolution. Figure  1 shows the spectral region used for this analysis.
The experimentally measured 111/129 peak ratios for the four tanks were found to be a fairly linear function of the previously known destructive analysis (DA) density values. Since no calibration standards were available, an absolute calibration factor could not be determined. Therefore it was decided to use one tank (Tank 550) as a single calibration, or normalization point. Measurement precision has closely tracked the counting statistics uncertainty.
Currently the PMD measurements of the four tanks are being performed on a bimonthly basis. Once again good agreement is found through modelingthe effect of the thickness difference was found to be 4.4%. 130.3 Confirmatory assays were required for six pencil tanks in Building 771. These tanks are six inch diameter, vertical, critically-safe-by-geometry tanks. These tanks were known to have primarily solutions of high enriched uranium, ranging from 1 to 70 g/1 of 235U. Some of the tanks were known to contain small concentrations of plutonium. These tanks had supported the uranium precipitation batch process. 96.1 measurement peak. Spectral measurements were obtained in contact with the tank wall and at three different heights for each tank. A 133Ba source was utilized to provide dead time correction for each spectrum. The TRIFID/EPICS code was used to extract the intensities of the 186 keV 235U line and the 129 keV and 414 keV 239Pu lines. Unlike the Pu case, no suitable gamma-rays or x-rays are available for the PMD technique. Therefore the 186 keV line of 235U was utilized as the assay The corrected count rate for the 186 keV line was plotted as a function of the DA 235U concentration (grams 235U per gram solution). The results are shown in Figure 2 . The non-linearity of the relationship is due to the self-absorption of the 186 keV gamma-rays in the solution. (Increasing solution density leads to increasing gamma-ray self absorption). To correct for this effect, a self-the absolute uranium concentration that had been measured, the absolute Pu density was determined.
The other four tanks had Pu concentrations about 0.1 g/l or less. For these tanks the 129 keV and 414 keV Pu lines were used to obtain the assay results. absorption correction factor was calculated for each tank and applied to the 186 keV count rate data. The correction factor equation for a slab was chosen due to the narrow view of the tank by the detector collimator which approximates the shape of a slab. The corrected data are shown in Figure 3 . A straight line was fitted to this data and the predicted results are shown along with the ''accepted'' DA values in are used in solution tanks to absorb neutrons in order to prevent criticalities in non-geometrically safe tanks. The rings fill the interior of the tank and the solution fills the voids between the rings and the region of the hole in the ring.
RASCHIG RING TANKS
The original need for NDA assay of raschig ring filled tanks arose from the need for a concentration value on a tank, Tank 454, which had had "low level" concentration solutions added to it after the last DA sampling was performed. The last known DA value for the tank was approximately 3.0 g/l.
High resolution gamma-ray spectra were acquired of Tank 454 in contact with the tank at three different points on the tank. Tank 454 is approximately 42 inches in diameter by 5 feet high.
The TRIFID/EPICS code was used to extract the intensities of the 11 1 keV x-ray and the 129 keV and 414 keV 239Pu lines. Two other raschig ring tanks, Tank 452 and Tank 85, were used as calibration points for the Tank 452 measurements. Tanks 452 and 85 were "known" to contain 5.0 g/l and 0.75 g/l Pu solutions from previous DA measurements.
Several potential measurement problems are readily apparent for assays of raschig ring tanks. Foremost is the measurement problem the rings themselves present. The rings are oriented randomly in the tanks, It was thought d priori that contact gammaray measurements would give widely differing results for each measurement point on the tank due the varying arrangements of rings and solution in the detector view. This might also confound the data from the calibration tanks when compared to each other and to the unknown tank. An additional problem was that the various raschig ring tanks were of different sizes which would necessitate close Upon analysis of the data, several interesting observations were made. First, the count rates for each gamma ray (111, 129 and 414 kev) at the three locations were very repeatable for each tank.
Variations outside of counting statistics were of the order of a few per cent. The variation in the count rate data due to differing orientations of solution and rings seems to have a minimal effect.
Secondly, when the PMD technique was investigated for these tanks, it was found that all three tanks had essentially the same 111/129 ratio, i.e. no variation with Pu concentration. As discussed above, the PMD technique relies on a significant difference between the attenuation coefficients for the 11 1 and 129 keV lines across the K-absorption edge. For the high concentration solutions (150 gA), the difference in the attenuation coefficients is on the order of a factor of two. For the raschig ring tanks, 30% of the volume is taken up by the rings. The remaining 70% is low concentration ( < 5 g/l) Pu nitrate solution. The code MicroShield v4.22 was used to determine the attenuation coefficients for a bulk material with these volumes of rings and low density Pu solution. It is found in this case that the attenuation coefficients for the 111 keV and 129 keV lines differ by less than 3%, not enough for the PMD technique to be used for the low level raschig ring tanks.
Since the PMD densitometry technique could not be utilized, the absolute count rates of the 111, 129, and 414 keV lines were used for calibration and to obtain the assay concentration values. Each of the energy lines provides an independent calibration and thus three assay values were determined for Tank 454. All three assay values agreed within the measurement uncertainties, so an average of the three was used to determine the final assay value of 1.92 g/l.
Subsequent to the NDA measurements, Tank 454 was drained and DA was performed on the solution.
The DA results indicated a concentration of 1.3 g/l.
Further NDA measurements were performed on the "empty" tank and count rates were obtained indicating holdup consistent with the difference between the original NDA value of 1.92 g/l and the 1.3 g/l DA result.
Following the assay measurements for Tank 454, three other raschig ring filled tanks were assayed.
Similar to the pencil tank results, the count rates for each of the three energy lines was plotted against DA value and the results are shown in Figure 4 . The very linear relationships that are obtained for all three curves (self absorption at these concentrations is a minimal effect) provide a good confirmation of the original DA value for these tanks.
SUMMARY
NDA gamma-ray measurements have been used to confirm and estimate fissile solution concentrations of various types of solution tanks at Rocky Flats.
For annular, high concentration Pu tanks a "Poor Man's Densitometry" technique has been used with success. For pencil tanks and raschig ring tanks, the count rate for individual gamma-ray lines was used for the concentration estimates. In cases where prior destructive analysis results were available, the NDA data were used to confirm the solution contents of the tanks. In cases where the contents of a tank were unknown or suspected to have been altered, calibrations from other similar tanks were used to produce an assay value for the unknown tank. As the liquid stabilization process continues at Rocky Flats, more of the NDA measured tanks will be drained and sampled. This will allow more complete calibration curves to be constructed for each of the different types of tanks and will allow for improvement in the quality of the NDA measurements.
